The effect of silicon nanostructure evolution on Er 3+ luminescence is investigated by using multilayers of 2.5 nm thin SiO x ͑x Ͻ 2͒ and 10 nm thin Er-doped silica ͑SiO 2 :Er͒. By separating excess Si and Er atoms into separate, nanometer-thin layers, the effect of silicon nanostructure evolution on np-Si sensitized Er 3+ luminescence could be investigated while keeping the microscopic Er 3+ environment the same. The authors find that while the presence of np-Si is necessary for efficient sensitization, the overall quality of np-Si layer has little effect on the Er 3+ luminescence. On the other hand, intrusion of np-Si into Er-doped silica layers leads to deactivation of np-Si/ Er 3+ interaction, suggesting that there is a limit to excess Si and Er contents that can be used. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2364455͔
Obtaining efficient light emission from a Si-based material has been widely recognized as a critical step in realizing silicon photonics technology that can greatly impact the entire field of information technology. 1 Of the many possible methods of obtaining light emission, Er doping has attracted a great attention as the intra-4f transition of Er 3+ provides a stable luminescence at the technologically important wavelength of 1.54 m that is compatible with both optical telecommunication and silicon-based microphotonics. Direct doping of Er into crystalline Si can provide a very high excitation efficiency, but has too low luminescence efficiency to be practical. 2 High Er 3+ luminescence efficiency is readily achieved in Er-doped silica but requires expensive and bulky laser tuned to an Er 3+ absorption band. A material that can provide both the high excitation and high luminescence efficiency is Er-doped silicon-rich silicon oxide ͑SRSO͒, which consists of nanoparticle Si ͑np-Si͒ embedded inside a silica matrix. [3] [4] [5] In SRSO, np-Si act as classical sensitizers, providing a large excitation cross section and an efficient energy transfer to Er 3+ . 5, 6 By now, both light emitting diodes 7 and optical gain have been demonstrated by np-Si sensitized Er. 8, 9 While there is a general consensus on the overall np-Si sensitization process, there still exist disagreements and uncertainties regarding many important details. For instance, depending on the preparation conditions, the energy transfer rate, 5,10,11 the transfer distance, 12, 13 and the fraction of np-Si sensitized Er 3+ 8,9,14 vary by orders of magnitude. Similarly, while it had been reported that highly quantum confined np-Si that are amorphous or defective are ideal for Er 3+ sensitization, 11, 15 efficient Er 3+ sensitization has been reported from large, crystalline Si nanowires. 16 Such uncertainties are in a large part due to the fact that in most cases, Er-doped SRSO is fabricated by annealing Er-doped SiO x ͑x Ͻ 2͒ films to induce phase separation of SiO x into silica and np-Si, the eventual crystallization of npSi, and removal of defects. [3] [4] [5] 15 As all these processes change the macroscopic, average optical environment of Er 3+ as well as the local, microscopic crystal field, it is difficult to identify a particular process responsible for observed changes. Furthermore, as the above structural changes require atomic diffusion, they are very sensitive to conditions of initial SiO x matrix, rendering comparisons difficult.
In this letter, we report on the effects of silicon nanostructure evolution on Er 3+ luminescence as investigated by using multilayers of 2.5 nm thin SiO x ͑x Ͻ 2͒ and 10 nm thin Er-doped silica ͑SiO 2 :Er͒. By separating excess Si and Er atoms into separate, nanometer-thin layers and controlling the location of np-Si formation to be away from Er-doped SiO 2 layers, 17 silicon nanostructure evolution was allowed to occur while keeping the local microscopic crystal field of Er 3+ the same. We find that while formation of np-Si is necessary for efficient sensitization of Er 3+ , the overall quality of np-Si layer has little effect on the Er 3+ luminescence. On the other hand, intrusion of np-Si into Er-doped silica layers leads to deactivation of np-Si/ Er 3+ interaction and subsequent reduction of Er 3+ luminescence, suggesting that there is a limit to excess Si and Er contents that can be used.
Two series of SiO x / SiO 2 : Er multilayers with x = 1.6 and 1.8 were deposited on Si substrates by ion beam sputtering method using a Kaufman-type dc ion gun at room temperature. The thicknesses of SiO x and SiO 2 : Er were set to 2.5 and 10 nm, respectively, with the total period of 45 layers. The Er concentration for SiO 2 : Er layers was fixed at 0.8 at.% for all samples. Films were then rapid thermal annealed for 5 min in the temperature range of 650-1100°C to precipitate np-Si, then hydrogenated at 600°C for 1 h in forming gas ͑5%H 2 +95%N 2 ͒ to reduce nonradiative defects. For comparison, a 100 nm thick, stoichiometric SiO 2 film doped with the same concentration of Er 3+ was also deposited and subjected to identical anneal procedures.
The Er 3+ luminescence spectra were measured using an Ar laser as the excitation source at a pump power of 200 mW, grating monochromator, thermoelectrically cooled InGaAs photodiode, and the standard lock-in technique. For the multilayer films, the 477 nm line of the Ar laser was used to ensure that excitation is dominated by np-Si sensitization. For the stoichiometric SiO 2 film, the 488 nm line of the Ar laser was used to optically excite Er 3+ ions. Note that since the np-Si sensitization distance is only about 1 nm, 12 number of Er 3+ ions available for excitation is expected to be similar in both cases. Figure 1͑a͒ shows normalized Si 2p core-level XPS spectra of SiO 1.6 film, both right after deposition and after a 1050°C anneal. We observe a large peak at 103.4 eV due to Si 4+ , corresponding to SiO 2 bonds. Annealing at 1050°C results in clear emergence of a peak at 99.6 eV due to Si 0+ bonds, indicating phase separation of the original SiO x matrix into SiO 2 and np-Si. Annealing at 1050°C results in crystallization of np-Si as well, as is shown by the high resolution transmission electron microscopy ͑HRTEM͒ image in the inset. Note that the size of crystalline Si-np is 3 nm, which is larger than the original SiO x layer thickness. A similar behavior was observed from the SiO 1.8 film as well, except that the size of crystallized Si-np was about 2 nm.
The relative concentrations of the Si-Si, suboxide, and SiO 2 bonds, as determined by XPS, are shown in Fig. 1͑b͒ . We find that even as-deposited films contain some np-Si, as indicated by the presence of Si-Si bonds. Increasing the annealing temperature results in monotonic decrease of suboxide bonds and increase of the Si-Si bonds, even though no Si nanocrystals could be observed by HRTEM before 1050°C. This indicates that amorphous np-Si are being formed at low annealing temperatures, and that their crystallization requires annealing temperatures in excess of 1050°C, in agreement with previously reported results.
15 Figure 2 shows the effect of annealing temperature on the Er 3+ photoluminescence ͑PL͒ intensity. We find that for the SiO 1.6 multilayer film, hydrogenation alone is sufficient to result in strong, np-Si sensitized Er 3+ . The maximum intensity is obtained after anneal at 800°C, above which the Er 3+ PL intensity decreases monotonically with increasing anneal temperatures such that at 1050°C, it is only half of that at 850°C. The SiO 1.8 multilayer film shows very little initial Er 3+ PL. The Er 3+ PL intensity then increases strongly with anneal temperature such that at 1050°C, it is nearly three times that at 850°C. The Er 3+ PL intensity from stoichiometric SiO 2 film is only about 1 / 100 that of np-Si sensitized film. Furthermore, it also has only 20% difference between that annealed at 850 and 1050°C.
We first investigate the effect of annealing on the luminescence efficiency of Er 3+ by measuring the Er 3+ luminescence lifetimes, as is shown in Fig. 3 . We find that for all films, there is little difference between Er 3+ luminescence lifetimes of 850 and 1050°C annealed samples. Furthermore, the temperature dependences of Er 3+ luminescence lifetimes of 850 and 1050°C annealed multilayer films are the same as well. This demonstrates that removal of nonradiative defects in silica layers is essentially complete after an 850°C anneal , 18 and that the anneal-induced changes in the Er 3+ PL intensities between 850 and 1050°C are not due to changes in the luminescence efficiency.
The effect of annealing on the Er 3+ excitation efficiency is investigated by measuring the excitation cross section. 6 As seen in Fig. 4 , we find that for the SiO 1.6 multilayer film, the Er 3+ excitation cross section does not change as the anneal temperature is raised from 850 to 1050°C, remaining constant near ͑1.3± 0.3͒ ϫ 10 −17 cm 2 . The Er 3+ excitation cross section of the multilayer films with SiO 1.8 layers, on the other hand, increases threefold from ͑3 ± 0.3͒ ϫ 10 −18 to ͑10± 1.0͒ ϫ 10 −18 cm 2 . The lack of anneal-induced changes in the Er 3+ excitation and luminescence efficiency from the SiO 1.6 film is at odds with the observed anneal-induced decrease in the Er 3+ PL intensity, especially since the number of optically active Er 3+ ions in SiO 2 does not change significantly between 850 and 1050°C. However, since the pumping wavelength was 477 nm, we are probing only those Er 3+ ions that are coupled to np-Si. Thus, the data suggest that annealing of the SiO 1.6 film above 800°C reduces the number of Er 3+ ions coupled to np-Si without affecting luminescence or excitation efficiencies. No such deactivation of np-Si/ Er interaction seems to be occurring for SiO 1.8 film, as its increase in the Er 3+ PL intensity is well matched by its increase in the excitation cross section.
The main difference between the two films, we argue, is the amount of excess Si and resulting size of np-Si. As can be seen in Fig. 1 , the np-Si in SiO 1.6 film after 1050°C is larger than the original SiO x layer thickness, and therefore must intrude into the Er-doped SiO 2 layers. Recently, however, Pellegrino et al. have reported that growth of np-Si in Er-doped SRSO results in deactivation of np-Si sensitization. 19 Thus, the data suggest that such deactivation occurs when np-Si intrudes into pure Er-doped SiO 2 as well. In the case of the SiO 1.8 film, on the other hand, no such intrusion can occur, since the np-Si after 1050°C anneal is still smaller than the original SiO x layer thickness.
The above results have several important implications for applying np-Si sensitization of Er. First, correlation between Si clustering and Er 3+ PL intensity from the SiO 1.8 film shows that excess Si needs to cluster into np-Si in order to sensitize Er 3+ . Second, the fact that the Er 3+ PL lifetimes from both films and the Er 3+ excitation cross section from the SiO 1.6 film remain the same between 850 and 1050°C indicates that given a sensitizing np-Si and the same local, microscopic crystal field of Er 3+ , a "defective" film with amorphous np-Si and a large suboxide content is no better or worse than a "clean" film with crystalline np-Si and stoichiometric SiO 2 . Finally, while formation of np-Si is necessary, its direct reaction can lead to segregation and subsequent decoupling of Er from np-Si. This suggests that precipitation of np-Si from a homogeneous, Er-doped SiO x may not be the most effective method unless both the excess Si and Er contents are kept low in order to minimize np-Si size, since doing so will always result in some intrusion of np-Si into Er-doped oxide regions. Ideally, it would be best to form a film consisting of np-Si surrounded by Er-doped SiO 2 in situ during the film deposition and thus guarantee np-Si/ Er 3+ coupling without np-Si growth and segregation of Er 3+ . In conclusion, we have investigated the effect of silicon nanostructure evolution on Er 3+ luminescence. By using multilayers of 2.5 nm thin silicon-rich silicon oxide and 10 nm thin Er-doped silica, silicon nanostructure evolution were allowed to occur while keeping the local, microscopic crystal field of Er 3+ the same. We find that while formation of np-Si is necessary for efficient sensitization of Er 3+ , the overall, macroscopic structure of the film has little effect on the Er 3+ luminescence as long as sensitization takes place in the same microscopic, local field for Er. A much greater effect is observed from intrusion of np-Si into Er-doped silica which leads to deactivation of np-Si/ Er 3+ interaction.
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